Even though satellite precipitation products have received an increasing amount of attention in hydrology and meteorology, their estimations are prone to bias. This study investigates the three approaches of bias correction, i.e., linear scaling (LS), local intensity scaling (LOCI) and power transformation (PT), on the three advanced satellite precipitation products (SPPs), i.e., CMORPH, TRMM and PERSIANN over the Langat river basin, Malaysia by focusing on five selected extreme floods due to northeast monsoon season. Results found the LS scheme was able to match the mean precipitation of every SPP but does not correct standard deviation (SD) or coefficient of variation (CV) of the estimations regardless of extreme floods selected. For LOCI scheme, only TRMM and CMORPH estimations in certain floods have showed some improvement in their results. This might be due to the rainfall threshold set in correcting process. PT scheme was found to be the best method as it improved most of the statistical performances as well as the rainfall distribution of the floods.
as the worst flood events in decades. During this event, more than half of Peninsular Malaysia, including those regions at the west side, were affected and most of the rivers reached dangerous levels. More than 200,000 people were affected and 21 people were killed due to this natural disaster (Akasah & Doraisamy ) . Hai et al. () found that the strong wind surges from the South China Sea due to very intense cold-air outbreaks of the Siberian High (also known as Siberian Anticyclone) (Gong & Ho ) developed under ENSO (El Niño-Southern Oscillation) neutral conditions. In addition, the mesoscale convective systems that developed across the northeastern Indian Ocean (near northern Sumatra) in response to the propagation of a 500-hPa short-wave trough across the Indian subcontinent towards China were the combined factors for these unusual extreme rainfall and flooding events in Peninsular Malaysia.
In order to identify the trends in the statistics of historical stream flow, reliable climatic information is critical for climate analyses and for verification of climate model simulations (Easterling et al. ; Moazami et al. ) . Rainfall data or precipitation is an important input required for water resource management, hydrologic and ecologic modelling, recharge assessment and irrigation scheduling (Su et al. ; Mair & Fares ; Behrangi et al. ; Jiang et al. ) . However, it is difficult to determine the amount of rain that falls across the world as the temporal and spatial distribution of rainfall is not even (Gu et al. ) .
Rain gauges are the most common tools to provide a direct measurement of precipitation reaching the ground, but they cannot be representative of extensive areas and may contain significant bias arising from coarse spatial resolution, location, wind and mechanical errors (Strangeways ) . Precipitation can also be estimated using weather radar due to its continuous spatial coverage (Habib et al. ) . However, weather radar has difficulties with hardware calibration (Yilmaz et al. ) . If the distance between the target area and the radar increases, the precipitation can be undetected, or the rate can be underes- Satellite precipitation products (SPPs) have been emerging as one of the most important precipitation data sources in hydrology, climatology and meteorology studies for the last few decades. These products have been successfully applied in studying the precipitation patterns at global scale as well as regional scale. These remotely sensed data have several advantages over the traditional measurements, including higher spatial resolution and uninterrupted coverage and hence are beneficial over ungauged catchments, especially mountainous and oceanic regions (Collischonn et (Kubota et al. ) , and so on. These satellite precipitation products have provided quasi-global high-temporal ( 3 hours) and spatial ( 0.25 ) resolution precipitation maps.
Although SPPs have been widely used in various meteorological models, these satellite estimations are still imperfect and prone to systematic and random errors associated with observations, sampling and retrieval algorithms. Evaluation). In their study, they assessed the accuracy and spatial variations of each SPP by region and found that the SPPs performed better in the NEM than in the SWM. Also, the SPPs' performance was the best in the region receiving higher annual precipitation such as eastern and southern Peninsular Malaysia and northern East Malaysia. By contrast, poor SPP performance occurred over western Peninsular Malaysia which is characterized by low rainfall amounts since it is sheltered by the Titiwangsa Range and Sumatra.
They also concluded that the TRMM products outperformed the PERSIANN product for this country particularly in estimating precipitation during the 2006-2007 flood event. The outputs were later supported by Soo et al. () , who reported that TRMM showed better performance at Kelantan river basin compared to the CMORPH and PERSIANN, as well as the other two basins located in the west (Langat river basin) and south (Johor river basin) parts of Malaysia.
Several bias correction (BC) schemes have been developed to downscale the meteorological variables from any datasets or models, ranging from the simple scaling approach to sophisticated distribution mapping (Haerter et al. ; Teutschbein & Seibert ) . However, studies about performing BC or downscaling approach of SPPs in Malaysia are arguably limited. Therefore, it is critical to improve the satellite estimations, especially on the extreme events for Malaysia.
In the present study, the performance of SPPs on five extreme flood events due to NEM specifically during the month of December to January are of the main concern of this study. These two months were chosen due to the history of peak flood events that happened annually. As for the river basin, Langat river basin was chosen as flooding is common in this area when it coincides with localized rainfall.
Although climatology adjustments or calibrations have been adopted on the algorithm of these selected SPPs, the rainfall estimations are still imperfect and their performance varies from region to region, as well as season to season.
Thus, three BC schemes, which are linear scaling (LS), local intensity scaling (LOCI) and power transformation (PT) methods, were employed in this study to assess the capability of three advanced SPPs (i.e., CMORPH, TRMM 3B42 Version 7(V7) and PERSIANN) in improving SPPs' accuracy based on Malaysia's weather system after performing bias correction. Suitability of the bias correction methods on specific SPPs could vary regionally due to spatial and temporal heterogeneity of rainfall that might affect the performance of SPPs in capturing rainfall. It is noticeable that several bias correction methods are available, but this study aimed at evaluating these three widely used schemes in order to investigate characteristics of corrected SPPs' data during extreme events.
REVIEW ON BIAS CORRECTION
Bias correction is a model output statistics approach that seeks to use information from biased model outputs (Chen Saber & Yilmaz ). Table 1 shows an overview of some BC methods used to correct precipitation data.
The LS scheme corrects the average precipitation value based on the differences between the rain gauge data and satellite data. However, this method does not correct the precipitation is corrected using a scaling factor. However, the output of this method is limited because, as with LS, the standard deviation and variance are not corrected and all events are adjusted using the same correction factor.
The PT method is a nonlinear correction in an exponential form that combines the correction of the coefficient of vari- these five extreme flood events due to NEM specifically during the months of December and January. Table 2 shows the details and general statistics of the five selected flood events. The inter-correlation of the rain gauge observations between these events is tabulated in Table 3 . It can be noticed that the rainfall patterns of the selected events were slightly different to each other even though they are for the same monsoon (NEM) and months. Figure 3 exhibits the frequency distribution of daily precipitation in different intensities to each flood event for Langat river basin. It is noticed that Events 2 and 4 are drier compared to the other events whereby more than 50% of the events are no-rain (0 mm/day). As for light rainfall (0-1 and 1-5 mm/day), this type of rainfall occurred for less than 20% of every period, whereas heavy rainfall (20-30 and >30 mm/day) occurred for about 3-8% of the event period.
Data acquisition
This study attempts to evaluate the satellite estimations (before and after BC) with reference to the ground observations during five extreme flood events due to NEM specifically during the months of December and January.
For ground observations, daily rainfall data collected at 28 operating rain gauge stations in Langat river basin were analysed. All data were collected from the Department of Drainage and Irrigation (DID), Malaysia. Table 4 represents examples of selected stations in the Langat river basin with detailed information including station name, district, river, latitude and longitude. The distribution of rain gauge networks of the selected study area is shown in Figure 1 .
More stations are located at latitudes 3 00 0 -3 15 0 N and longitudes 101 45 0 -102 00 0 E, but fewer active stations were found at the south-eastern portion of the basin.
The three satellite-derived rainfall products selected for the purpose of this study are TRMM 3B42 V7, CMORPH and PERSIANN. The selected resolution for each satellite product is summarized in Table 5 .
The TMPA (TRMM Multisatellite Precipitation 
METHODOLOGY
The satellite rainfall estimate was compared to gauged rainfall observation based on the selected events as stated in Table 2 . The bias in every satellite estimate was assessed and corrected using the three schemes, i.e., LS, LOCI and PT methods. After being corrected, the improved satellite estimations were compared and analysed again with reference to the gauged rainfall observation. Extended analysis on the parameters of the methods applied was done. Figure 4 shows the overall procedure of this study. A more detailed description of the selected methods is presented below.
Bias correction methods

Linear scaling (LS)
The LS method aims to perfectly match the monthly mean of corrected estimations with that of observed ones (Lenderink et al. ) . This method operates with monthly correction values based on the differences between observed and estimated data. The daily satellite precipitation amounts, P are transformed into PÃ by multiplying with the monthly scaling factor, s, as shown in Equation (1):
The scaling factor is the ratio of the true mean to the mean of biased estimates (Anagnostou et al. ) . In this case, this study assumed the rain gauge measurement as the true observation and the satellite estimations (TRMM 3B42 V7, CMORPH and PERSIANN) are the biased estimation, as shown by Equation (2):
where S and G represents satellite/gridded and gauge pre- Table 3 .
Local intensity scaling (LOCI)
The LOCI method (Schmidli et al. ) corrects the wetday frequencies and intensities and can effectively improve the raw data which have too many drizzle days (days with little precipitation). It normally involves two steps:
first, a wet-day threshold for the mth month P thres,m is determined from the raw precipitation series to ensure that the threshold exceedance matches the wet-day frequency of the observation; second, a scaling factor c ¼ (μ(P obs,m,d jP obs,m,d > 0)=μ(P raw,m,d jP raw,m,d 〉P thres,m )) is calculated and used to ensure that the mean of the corrected precipitation is equal to that of the observed precipitation:
Similar to the LS scheme, the scaling factor was calculated and applied separately for every selected event.
Power transformation (PT)
Shabalova et al. () and Leander & Buishand () advocated the PT method because it uses an exponential form to further adjust the standard deviation of precipitation series, P, as shown in Equation (4):
To implement this method, there are two scaling factors to be calculated, a and b. The b factor is calculated iteratively so that the coefficient of variation (CV) of the satellite daily precipitation time series matches that of the gauged precipitation time series. Next, the a factor is calculated, such that the mean of the transformed precipitation values matches that of the gauged precipitation.
Finally, these two scaling factors are applied to each uncorrected daily satellite observation corresponding to that month to generate the corrected daily time series.
RESULTS
Evaluation of raw satellite estimates
Before performing the BC schemes, the accuracy of the three selected satellite products (TRMM, CMORPH and PERSIANN) at Langat river basin were first examined for all events. 
Performance evaluation of bias-corrected SPPs
Rainfall pattern and distribution Figure 5 shows the direct comparison of the daily and accumulated rainfall data of every raw and bias-corrected dataset over every study period at Langat river basin to give a first impression of the data characterization. It is found that LS-corrected rainfall estimates predict the overall gauged rainfall reasonably well but as for LOCI, this method was less effective for the PERSIANN estimations as it exacerbates the overall rainfall over the basin by 40-85% overestimation. Nevertheless, this method seemed suitable in certain events for TRMM and CMORPH estimations.
This might be due to the rainfall threshold that we set (1 mm) to ensure that the threshold exceedance matches the wet-day frequency of the observation. In our opinion, sensitivity analysis based on the rainfall threshold is recommended as every region has different geographical conditions and the rainfall will never be equally distributed.
Thus, the rainfall threshold might vary from region to For satellite estimations, T -TRMM, C -CMORPH and P -PERSIANN. region. For PT-corrected rainfall estimates, it is noted that this scheme is much better compared to LOCI. As shown by the result, the difference in total rainfall compared to the accumulated gauge observations was less than 20%, except for PERSIANN estimations corrected by the PT scheme in Event 4 whereby the corrected estimation overestimated the total rainfall over the basin by 31%.
Next, the distribution of the data was evaluated based on the quantile-quantile plots (QQ plots) as shown by Figure 6 , and accompanied by 
Statistical performance
In the scope of the study section, we described the methods of the BC employed to fit the mean, SD and CV for the precipitation data. Figure 7 shows several scatter plots for the fitting statistics of all events, which implies the observed statistics are plotted versus those of the uncorrected and corrected satellite data. The detailed statistical performances are shown in Table 8 . Based on the scatter plots ( Figure 7 ) and statistical performances (Table 8) , it is observed that the LS scheme matches the mean precipitation of every satellite estimation, but it does not correct the biases in SD and CV. When applying a higher degree of BC scheme, such as LOCI and PT schemes, a significant improvement in the SD and CV were noted as the data points in the scatter plots are almost matched to the gauged observations. PT exhibits greater improvement compared to LOCI. These results are considered as good, as the method of BC schemes applied for this study was only intended to correct the aforementioned statistical parameters.
Variation and sensitivity of parameters
Based on the statistical analysis, the determined parameters or bias factors (s for LS scheme, c for LOCI scheme as well as a and b for PT scheme) greatly affected the corrected daily precipitation value of the extreme flood. However, statistical analysis does not provide a true answer for the study as hydrological events are subjected to great variability and uncertainties. Thus, it is important to evaluate the sensitivity of these parameters based on the selected events of this study. Moreover, it is also important to assess whether these parameters can be applied in a similar event of different time period (Terink et al. ) . Figure 8 shows the boxplots for every parameter applied throughout the five selected events, with the small circles representing the random samples were generated and the sampling distribution was visualized using histograms to observe the skewness of the samples. This bootstrapping procedure was repeated for every parameter and every satellite estimation. Figure 9 shows one of the histograms for resampled parameter s (bias factor of LS scheme) for January's TRMM estimations. The mean of the original and resampled parameters as well as the 95% confidence intervals are shown in Table 9 . These results can be a reference for correcting the near-real-time data for further use.
Based on the results, it is noted that the uncertainty range of every parameter applied for the month of December is larger compared to that for the month of January.
Thus, careful consideration should be given when improving the satellite rainfall estimations. By comparing the BC scheme, the difference between the original and the resampled mean for parameter a and b of the PT scheme is much smaller compared to s for the LS scheme and c 
CONCLUSION AND RECOMMENDATIONS
Satellite precipitation has provided an alternative for precipitation measurement due to its large-scale approach.
However, these satellite data have their own accuracy or dependability issues. This study presents an application of three BC schemes (LS, LOCI and PT) to improve the accuracy of three satellite estimations (TRMM 3B42 V7, CMORPH and PERSIANN) at the Langat river basin during the five selected extreme flood events due to NEM specifically in the months of December and January. Studies of BC on satellite estimations in Malaysia is arguably limited and therefore accuracy of this global coverage rainfall data should be assessed according to Malaysia's topography, location and weather system. The selection of BC methods for this study is considered universal as these methods have been applied in most of the studies. However, due to rapid evolvement of the SPP estimations, as well as changing of climate, it is crucial to implement these BC on the latest version of SPPs for the extreme events in the Malaysia region.
In this paper, we investigated the capability of BC schemes in improving the satellite estimations. During the process of BC, we noticed that the parameters or bias factors (s for LS scheme, c for LOCI scheme as well as a and b for PT scheme) vary for every flood event even though these floods happened in the same season/monsoon.
Thus, we also evaluated the sensitivity of these parameters to the extreme floods selected and whether these parameters can be applied in a similar event of a different time period.
Based on the findings, all BC schemes are able to improve the satellite estimations. LS-corrected rainfall estimates predict the overall gauged rainfall of the catchment very well. Nevertheless, this method matches well the mean precipitation of every satellite estimation and does not correct the SD and CV of the estimations. For LOCI, in the present study, we set 1 mm as the rainfall threshold crucial assumption, is that the bias correction factors retrieved by any such methods must necessarily be considered valid for the future, assuming a temporal stationarity and thus introducing another, yet often neglected source of uncertainty. This may help the hydrologists to understand the efficiency and application of bias correction on satellite estimation data in rainfall-runoff modelling to predict the river discharge in this catchment, which may be useful to our water resources management.
